In recent years considerable work has been done on the use of microbial proteinase as a substitute for animal rennet (1, 5, (10) (11) (12) (13) (14) (15) (16) . At least two enzymes produced by the fungi Endothia parasitica and Mucor pusillus var Lindt are commercially available for this purpose. In a survey of 39 common fungi for their ability to produce rennin-like enzyme, Knight (6) found that Byssochylamys fulva produced a high yield of this enzyme. Due to the potential use of this enzyme as a rennin substitute, we have examined seven different B. fulva isolates for their ability to produce this enzyme. This report presents evidence concerning the variation in enzyme production by different isolates, methods for recovery of the enzyme from the culture filtrates, as well as some properties of the partially purified enzyme. For practical purposes, we propose the name byssochlamyopeptidase A for this new acidic proteinase.
MATERIALS AND METHODS Materials. Pectin N.F. (Sunkist 3442) was obtained from Sunkist Growers, Inc. (Corona, Calif.). N, N-diethylaminoethyl (DEAE)-cellulose was obtained from Carl Schleicher and Schull Co. (no. 71, type 20) and was prepared according to Peterson and Sober (9) . Tyrosine, glycine, bovine serum albumin, and casein (Hammerstin) were obtained from Schwarz-Mann, Division of Becton, Dickson & Co. (Orangeburg, N.Y.); Sephadex G-100 was a Pharmacia product. Rennin was a Miles Laboratories, Inc. preparation. Fresh skim milk was obtained from the University of Wisconsin milk plant. Other chemicals used were either CP or reagent grades.
Test cultures. The cultures used in the present study were kindly supplied by C. W. Hesseltine (Agricultural Research Service, Peoria, Ill.), K. B.
Raper (Univ. of Wisconsin, Madison), Don F. Splittstoesser (N.Y. Agricultural Experimental Station, Geneva, N.Y.), and by the British Mycological Institute. All cultures were maintained on potatodextrose agar slants at 4 C. The cultures were transferred to a potato-dextrose agar slant and incubated at 28 C until abundant ascospores were developed (generally 2-3 weeks). Spores from one slant were suspended in 10 ml of sterilized distilled water before use.
Culture conditions. Unless otherwise stated the composition of the basal medium for enzyme production contained the following: D-glucose, 10 g; yeast extract (Difco), 3 g; Pectin N.F., 1 g; KH2PO4, 1 g; MgSO4.7H20, 0.5 g; Fe (II) and Zn (II), 0.2 mg each; Mn (II), 0.1 mg; Ca (II), 10 mg; Tween 20, 10 ml, and distilled water to make 1 liter. The pH of the medium was adjusted to 5.2 before autoclaving. The culture vessels were 250-ml Pyrex Erlenmeyer flasks for the seed culture, and 2,800-ml Fernbach flasks for enzyme production. Media were autoclaved 15 min at 121 C. Three drops of spore suspension were inoculated into each Erlenmeyer flask containing 50 ml of medium and then incubated at 28 C on a gyratory shaker operated at a speed of 120 rev/min. After 4 days, each flask of this culture was inoculated into one Fernbach flask which contained 800 ml of medium. All the cultures were harvested after 4 days of incubation on a gyratory shaker at 28 C. Isolate IMI 83277 was used for the enzyme purification studies.
Recovery of enzyme from culture filtrate. After fermentation, the cultures were filtered through a Buchner funnel to separate the mycelium from the culture fluid. The mycelium was washed two times with distilled water, dried in an oven at 110 C overnight, and weighed on an analytical balance. In the study of enzyme production by different isolates, the culture filtrates and the wash solution were dialyzed against 10 10 volumes of distilled water overnight and lyophilized.
Sephadex gel filtration. Sephadex G-100 (40-120 im) was suspended in 0.05 M NaPB, pH 6.85, stirred for 1 hr, and allowed to stand for 24 hr. After removal of the supernatant by decantation, the Sephadex was suspended in the same buffer and packed into a column (2.5 by 75 cm) by the method of Flodin (3) . The dried material obtained from the DEAE-cellulose chromatography was dissolved in 5 to 10 ml of distilled water, transferred to the Sephadex column, and eluted with the same buffer. Individual fractions were collected on a fraction collector, pooled, dialyzed, and lyophilized.
Enzyme assays: proteinase activity. Proteinase activity was determined by a modified casein hydrolysis method (7) . The reaction mixture usually contained 2.5 ml of 2% casein (in 0.1 M glycine-hydrochloride buffer at pH 3.0), an appropriate amount of enzyme solution which had been adjusted to pH 3.0, and distilled water to bring the volume to 5.0 ml. Unless otherwise stated, the reaction was carried out at 37 C. One milliliter of the sample was withdrawn from the reaction mixture at 0, 10, 20, 30, and 50 min, respectively, and was added to 1 ml of 5% trichloroacetic acid. After standing at room temperature for 1 hr, the solution was centrifuged at 5,000 rev/min for 10 min. The trichloroacetic acid-soluble proteins and peptides in the supernatant were determined by the modified Folin-Lowry method (8) using tyrosine as a standard. One unit of the enzyme is that amount of enzyme which liberates 1 Ag of tyrosine in 1 min at 37 C under the conditions specified.
In the experiments on the effect of pH on enzyme activity, the following buffer systems were used: pH 1.5 to 3.9, 0.1 M glycine-hydrochloride buffer; pH 4.0 to 5.5, 0.1 M sodium acetate buffer; pH 5.6 to 8.0, 0.1 M sodium phosphate buffer. In the determination of optimal temperature for enzymic action, the following temperatures were tested: 5, 25, 30, 40, 50, 60, 70, and 80 C. The thermal stability of the partially purified enzyme was tested by holding the enzyme in appropriate buffers for 2 hr at different temperatures. The solutions were immersed in an ice bath immediately after the heat treatment and subsequently were used for acidic proteinase activity determination.
Milk clotting assay. Rennin-like enzyme activity was determined by the method of Ernstrom (2) with slight modification. Since the rennin-like activity of the enzyme is considerably lower below pH 6.2, all the assays were thus carried at pH 5.7. One milliliter of the enzyme solution at pH 5.7 (0.05 M, NaPB) was added to 1 ml of raw skim milk which had been previously adjusted to pH 5.7 and incubated at 37 C immediately after addition of the enzyme. The time for milk starting to clot was recorded. One unit of the rennin-like enzyme activity is that amount of enzyme which clots 1 ml of raw skimmed milk at pH 5.7 and 37 C in 1 min. In general, the clotting time is linear with enzyme concentration. At high enzyme concentration which coagulates milk in less than 1 min, the solution generally was diluted with pH 5.7 sodium phosphate buffer (0.05 M) before use. To prevent bacteriological action in the prolonged incubation, the enzyme solution was concentrated by lyophilization before use when the coagulation time was greater than 1 hr.
Determination of proteolysis in the milk clotting process. Fresh, skim milk adjusted to pH 5.7 was used as the substrate throughout this experiment. One milliliter of enzyme solution which had been adjusted to pH 5.7 was added to individual tubes containing 1 ml of preincubated (37 C, 5-10 min) substrate. The enzyme level was usually adjusted to a concentration which coagulated the milk in 12 to 16 min. One milliliter of 5% trichloroacetic acid was added to each tube at the appropriate time. The solution was then centrifuged. The non-trichloroacetic acid-precipitable nitrogen (NPN) in the supernatant was determined as previously described.
Rennin was used as a control. Recovery and purification of enzyme.
RESULTS
The recovery of enzyme produced by isolate IMI 83277 in six flasks of culture filtrates (800 ml of medium/flask) after ammonium sulfate precipitation and DEAE-cellulose chromatography is summarized in Table 2 . Approximately 33% of the enzyme activity with a purification of 9-to 10-fold was recovered after these treatments. The material obtained from DEAE-cellulose chromatography was passed through a Sephadex G-100 column (Fig. 1) . The enzyme was concentrated in the second peak. The pooled material obtained from this peak was dialyzed, lyophilized, and, subsequently, rechromatographed on the same column under identical conditions. After this chromatography, the total purification was twenty. Disc gel electrophoresis of this preparation revealed two distinct protein bands (Leung, P., and F. S. Chu, unpublished observation). The molecular weight of this preparation was estimated, from the elution position on Sephadex, to be around 34,000. This preparation was used in the following experiments.
Effect of pH on the enzyme action. The effect of pH on the enzyme activity when casein was used as a substrate is illustrated in Fig. 2 . The enzyme has an optimal pH around 2.9. The effect of pH of the milk on the clotting activity is given in Fig. 3 . The clotting time increased with increase in pH. Since casein coagulates readily below pH 5, the effect of pH on milk-clotting activity below this pH was not determined.
Effect of temperature on the enzyme activity. Figure 4 shows the acidic proteinase activity at different temperatures. The optimal temperature of the enzyme produced by B. fulva was found to be around 60 C. The thermostability of the acidic proteinase activity at different pH values is given in Fig. 5 . The enzyme appeared to be relatively stable at 40 C between pH 3 and pH 6.85 . Although only 10% enzyme activity was lost after holding at pH 5 and 6.85 for 2 hr, 60% enzyme activity was lost at pH 3.0. More than 80% was lost after incubation at 60 C for 2 hr at all the pH values tested.
Effect of B. fulva enzyme on milk clotting. In a typical experiment, 30 ml of B. fulva enzyme preparation obtained from Sephadex chromatography was added to 10 lb. (ca. 4.5 kg) of skim milk which had been adjusted to pH 5.6 at 30 C. The curd started to form in 12 to 16 min and was completed in about 30 min after addition of the enzyme. After removing the whey and allowing the curd to set overnight, 23 oz (ca. 650.9 g) of solid curd was obtained. The texture and appearance were similar to those obtained with rennin action. To determine whether extensive proteolysis occurred during milk clotting, the NPN in the whey after trichloroacetic acid precipitation was determined (Fig. 6) . The results indicated that the milk-clotting pattern as well as the amount of NPN liberated by B. fulva enzyme are similar to those of rennin. Since the amount of trichloroacetic acid-nonprecipitable nitrogen in the supernatant fluid after catalysis by either enzyme is quantitatively similar, the proteolytic action by these two enzymes on milk may also be similar.
DISCUSSION
The production of rennin-like enzyme by different B. fulva isolates confirms earlier experiments conducted by Knight (6) who demonstrated that B. fulva was the best rennin-like enzyme producer among 39 fungi tested. Although all the B. fulva isolates tested in the present study produced a rennin-like duced two types of acidic proteinases, i.e., one of which has a lower optimal pH around 3.0 and the other a higher pH optimum, or produced one type of enzyme which has both activities. Two proteolytic enzyme systems have been observed by Wang and Hesseltine (16) in the culture filtrates of Rhizopus oligospores. Since our final products showed two distinct protein bands in the disc electrophoresis, it is premature to rule out any of the suggestions. Nevertheless, the product is free of neutral and alkaline proteinases. For the convenience of later descriptions of the enzyme, we thus propose the name byssochlamyopeptidase A (A for acidic proteinase produced by this fungus). If more than one acidic proteinase is isolated from the culture filtrates, A-1 and A-2, etc., can be used.
There are some similarities in the enzymatic properties of the enzymes produced by B. fulva and Paecilomyces varioti Bainier (13, 14) . Both enzymes are most active toward casein at pH 2.9 to 3.0 and at 60 C, and both enzymes have similar thermostability. Since the imperfect stage of B. fulva is indistinguishable from the species in the Paecilomyces genus, it should be interesting to compare other physicochemical and biochemical properties of these enzymes when the purified enzymes are available. Although the enzyme is most active at pH 3.0 and 60 C, prolonged incubation in the absence of substrate at pH 3.0 and above 50 C resulted in a loss of enzymatic activity. The instability of enzyme at lower pH (pH 3.0) and high temperature (50 C) may be due to denaturation of enzyme in the absence of substrate, thus causing autodigestion. The drastic loss of enzyme activity at optimal temperature (60 C) at all the pH levels tested may also be due to the denaturation of enzyme in the absence of substrate which may protect the enzyme conformation.
From the results of our preliminary studies on the effect of byssochlamyopeptidase A curd formation, the use of this enzyme as a rennet substitute appears to be promising. The enzyme apparently follows the same reaction pattern as the animal rennet does, and also appears to have no extensive proteolytic activity. The only disadvantage is the lower activity at pH 6.2 or above for milk clotting. From this property, the enzyme appears to resemble pepsin (4) . Detailed studies on the properties of the purified enzyme seem warranted. An improved method for the purification of this enzyme is presently under study in our laboratory. 
